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Abstract In this study, the feasibility of harvesting wind power via wind turbines
to produce electricity in specific sites in Lebanon will be investigated. Implementing
such wind farms would greatly decrease the harmful emission of greenhouse gases
produced by the energy sector devoted to electricity generation by fuel (El-Fadel et al.,
2003). Furthermore, this will alleviate the deficiency in the electric power provided by
Electricite Du Liban, which spends around $500 million worth of fuel oil each year for
electricity generation (Green Line Association, 2007). Hourly wind speed data (2005–
2007) at Beirut, Zahleh, Sour (Tyre), and El-Abdeh were thoroughly investigated
to assess the wind energy potential of these sites. Promising results were obtained,
especially in Beirut and Zahleh, where wind turbines could be installed to complement
the main grid with electric power during the peak hours. This comprehensive study
estimated Lebanon’s wind energy potential that might encourage future investments
in the promising field of renewable energy.
Keywords renewable energy, wind power, wind speed, wind turbines
1. Introduction
Lebanon is a small country with modest natural resources. Its main source of electric
energy comes from imported fuel oil from the surrounding Arab nations. It is estimated
that 99% of Lebanon’s primary energy needs are imported (Green Line Association,
2007). This situation has resulted in intensifying a spiraling debt that threatens to weaken
the national economy (Green Line Association, 2007).
The deficiency of electricity generation in Lebanon is clearly manifested in the fact
that demand on electricity still exceeds its supply as blackouts become more frequent. It
has been reported that out of the net electric energy produced by this company, there exists
44% electric losses mainly due to technical issues and illegal connections (Green Line
Association, 2007). Every year, the government supports Electricite Du Liban (EDL)
by $200–500 million to prevent its bankruptcy (Green Line Association, 2007). The
increasing cost accompanied by the amplifying shortage has resulted in a total debt of $2.4
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Assessment of Wind Power for Electricity Generation in Lebanon 1237
billion (Green Line Association, 2007). It is to be noted that in 2015, the needed capacity
will expand by around 11% (Green Line Association, 2007). Considering the current
situation, renewable energy technologies emerge as an economically viable and cost-
effective substitute (Hrayshat, 2005). While similar studies exist for the region (Hrayshat,
2005; Kose et al., 2004; Rehman et al., 2007), to the author’s knowledge, no such
assessment of wind power in Lebanon has been carried out. Hence, this study represents
the beginning of a series of investigations aimed at assessing the wind energy potential
of Lebanon.
The wind in Lebanon has been seen to be somewhat consistent at a moderate
level of strength. The geological formations of the mountains combined with the pre-
determined wind direction mainly from the west can provide great gusts at certain
locations. Capturing these gusts can calculate favorably in establishing wind harvesting
farms using the newest technologies. Hourly data that is collected from targeted regions
is extremely crucial before any claims that using these harvesting farms is feasible.
In the present work, the data is assimilated and compiled into a usable form that
constitutes the building blocks of the study of wind power harvesting in specific sites in
Lebanon.
2. Site Locations
In order to establish a reasonable perspective about the actual wind energy potential,
four different sites were chosen for this study as shown in Figure 1. Each site presents
unique topographical characteristics and climatic conditions which directly affect the
wind speeds.
2.1. Beirut
The capital of Lebanon, Beirut is a coastal city that is located at a latitude line of 33:49N
and a longitude line of 35:29E. The chosen site is estimated to be at an elevation of
27.5 m above sea level.
2.2. Zahleh
Zahleh is a city that lies in the center of the Beqaa Valley. It is located at a latitude
line of 33:50N and a longitude line of 35:54E. The chosen site is estimated to be at an
elevation of 920 m above sea level.
2.3. Sour (Tyre)
Sour is a city in Southern Lebanon. It is located at a latitude line of 33:16N and a
longitude line of 35:12E. The chosen site is estimated to be at an elevation of 5 m above
sea level.
2.4. El-Abdeh
Abdeh is a costal village in northern Lebanon. It exists at a latitude line of 34:31N and
a longitude line of 36:00E. The chosen site is estimated to be at an elevation of 40 m
above sea level.
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1238 M. Elkhoury et al.
Figure 1. Map of the Republic of Lebanon highlighting the four sites at which data was collected.
3. Data Collection
The wind speeds for the aforementioned locations were collected for the period extending
from 2005 to 2007. The four stations located at the specified sites provided the hourly
wind speeds needed for the analysis.
The available data for the year 2005 was lacking in both the El-Abdeh and Sour
sites. A yearly average for these sites in 2005 will not be presented. This missing data
is alleviated by the fact that the more promising sites, namely, Zahleh and Beirut, have
full data over the whole period of analysis.
4. Results and Interpretation
While examining the hourly wind speed data at the four different locations and over a
period of three years, it was noticed that there exists few occurrences of no wind and
other occurrences of very high wind speed. In general, the wind speed distribution follows
a bell-shaped curve known as the Weibull distribution (Gipe, 2004). By generating such
a frequency distribution, we could estimate which location is considered most favorable
in terms of wind energy harvesting.
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Assessment of Wind Power for Electricity Generation in Lebanon 1239
Table 1
Yearly average wind speeds averaged on an hourly basis
Average wind speed, m/s
2005 2006 2007 3-year period
Beirut 4.57 2.81 2.84 3.409
Zahleh 4.046 3.131 3.345 3.508
Sour (Tyre) — 2.74 2.86 2.8
El-Abdeh — 1.725 1.739 1.732
The Weibull distribution is basically defined by two parameters: the scale factor
C that represents wind speed and the shape factor K that describes the form of the
distribution (Gipe, 2004). A special case of the Weibull distribution, called the Rayleigh
distribution, will be employed where the only required parameter is the average wind
speed and the shape factor holds a predetermined value of 2 (Gipe, 2004). For temperate
climates, the Rayleigh wind speed distribution offers an excellent approximation and the
resulting equation for the frequency distributions (Gipe, 2004) is:
f .VR/ D dV

2
 V
V 2avg
!
exp
 
 

4

V
Vavg
2!
; (1)
where dV is the width of the wind speed bin taken to be 1 m/s, V is the speed of the
wind speed bin taken as a range of wind speeds depending on the site, and Vavg is the
three-year average wind speed.
In order to obtain meaningful results while using the Rayleigh distribution, monthly
or yearly average wind speeds are usually preferred. Therefore, the average wind speed
over a period of three years, for each location, was found and summarized in Table 1.
Having the needed average wind speeds over a period of three years, it is now possible
to generate the Rayleigh frequency distribution for each site. The results were obtained
and analyzed based on which a preliminary conclusion is drawn towards Lebanon’s most
preferred wind energy harvesting site.
From Figure 2, we notice that, in Beirut, the wind speed of 3 m/s has the highest
frequency, which reaches up to 22.07%, followed by a wind speed of 2 m/s with a
Figure 2. Wind speed frequency in Beirut for the average data from 2005–2007.
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1240 M. Elkhoury et al.
Figure 3. Wind speed frequency in Zahleh for the average data from 2005–2007.
frequency of 20.62%, 4 m/s wind speed with a frequency of 18.34%, 1 m/s wind speed
with a frequency of 12.63%, 5 m/s wind speed with a frequency of 12.48%, 6 m/s wind
speed with a frequency of 7.12%, and 7 m/s wind speed with a frequency of 3.45%.
Knowing that the required wind speed for a wind farm should be at least 3 m/s for a
wind turbine to run (Hrayshat, 2005), the wind turbines in Beirut will run 65.62% of the
time. Based on that observation, we conclude that Beirut might be a relatively favorable
site for wind energy harvesting.
From Figure 3, we notice that, in Zahleh, the wind speed of 3 m/s has the highest
frequency, which reaches up to 21.56%, followed by a wind speed of 2 m/s with a
frequency of 19.77%, 4 m/s wind speed with a frequency of 18.39%, 5 m/s wind speed
with a frequency of 12.95%, 1 m/s wind speed with a frequency of 11.97, 6 m/s wind
speed with a frequency of 7.7%, and 7 m/s wind speed with a frequency of 3.92%.
Knowing that the required wind speed for a wind park should be at least 3 m/s for a
wind turbine to run (Hrayshat, 2005), the wind turbines in Zahleh will run 67.19% of the
time. We conclude that Zahleh is a relatively favorable site for wind energy harvesting.
From Figure 4, we notice that, in Sour (Tyre), the wind speed of 2 m/s has the
highest frequency, which reaches up to 26.833%, followed by a wind speed of 3 m/s
with a frequency of 24.4%, 1 m/s wind speed with a frequency of 18.12%, 4 m/s wind
speed with a frequency of 16.14%, 5 m/s wind speed with a frequency of 8.2%, and 6
m/s wind speed with a frequency of 3.27%. Knowing that the required wind speed for a
Figure 4. Wind speed frequency in Sour for the average data from 2006–2007.
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Assessment of Wind Power for Electricity Generation in Lebanon 1241
wind park should be at least 3 m/s for a wind turbine to run (Hrayshat, 2005), the wind
turbines in Sour are expected to run only 53.36% of the time. Based on that data, we
conclude that Sour might not be a favorable site for wind energy harvesting compared
to the other two sites.
From Figure 5, we notice that, in El-Abdeh, the wind speed of 1 m/s has the highest
frequency, which reaches up to 40.3%, followed by a wind speed of 2 m/s with a
frequency of 36.75%, 3 m/s wind speed with a frequency of 14.89%, 4 m/s wind speed
with a frequency of 3.18%, and 5 m/s wind speed with a frequency of 0.4%. Knowing
that the required wind speed for a wind park should be at least 3 m/s for a wind turbine
to run (Hrayshat, 2005), the wind turbines in El-Abdeh will run only 18.48% of the time.
Based on this, we conclude that El-Abdeh might not be a favorable site for wind energy
harvesting.
Based on the acquired data, we notice that the two most favorable sites for wind
energy harvesting in Lebanon are Beirut and Zahleh, where wind turbines are expected
to operate more often than the other two sites. We continue the analysis by performing a
comparative study between these two candidates to assess the behavior of the wind and
how much instantaneous power is to be expected from each.
We start the analysis by considering the wind speed duration histogram given in
Figure 6. From this chart we can decipher which wind speeds are the most durable in
Beirut and Zahleh over a three-year period range.
The duration histogram shows that the most durable wind speed in Beirut is 2 m/s
that was observed 8,095 times, followed by 3 m/s that was observed 5,388 times, 4 m/s
that was observed 3,422 times, 1 m/s that was observed 2,993 times, 5 m/s that was
observed 2,247 times, and 6 m/s that was observed 1,443 times. The remaining wind
speeds occurred less than 1,000 times for the 26,186-time observation period for the
chosen site in Beirut.
As for Zahleh, the histogram shows that the most durable wind speed is 2 m/s that
was observed 4,432 times, followed by 3 m/s that was observed 4,120 times, 1 m/s that
was observed 3,208 times, 4 m/s that was observed 3,143 times, 5 m/s that was observed
2,702 times, 0 m/s that was observed 1,928 times, 6 m/s that was observed 1,904 times,
and 7 m/s that was observed 1,164 times. The remaining wind speeds occurred less than
1,000 times for the 24,087-time observation period for the chosen site in Zahleh.
After observing the most durable wind speeds in each of these two sites, an average
monthly wind speed variation comparison is done between Beirut and Zahleh. The
average wind speed per month is averaged over a period of three years. From that
Figure 5. Wind speed frequency in El-Abdeh for the average data from 2006–2007.
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1242 M. Elkhoury et al.
Figure 6. Wind speed duration histogram for Beirut and Zahleh for the observation period from
2005–2007.
comparative graph, we can conclude which months experience the most active or the
most idle wind speeds. In Figure 7, the wind speed variation as a function of month is
presented for both Beirut and Zahleh:
In Beirut, it is obvious that the highest wind speed occurred in April (4.115 m/s)
followed by March (4.073 m/s), then February (3.898 m/s) and January (3.80 m/s). These
Figure 7. Average monthly variation of the recorded wind speed data from 2005–2007.
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Assessment of Wind Power for Electricity Generation in Lebanon 1243
months represent the winter-spring seasons in this city where there is usually a high
demand on electricity. The least windy months are October (2.597 m/s) and September
(2.621 m/s) where wind speeds plunge below 3 m/s.
In Zahleh, on the other hand, the most windy month is July (4.44 m/s) followed
by June (4.16 m/s) and March (4.114 m/s). January (3.496 m/s) and February (3.829
m/s) also experience relatively high wind speeds. The least windy months are December
(2.506 m/s), November (2.54 m/s), and October (2.803 m/s), where wind speeds plummet
to values less than 3 m/s.
It is noticed that the two locations exhibit almost the same average monthly wind
speed variation where the highest wind speeds occur during the first half of the year then
start to gradually drop as the year ends. It should be noted that the wind turbines might
be most efficient during that period of time for the two specified locations.
From the average monthly variation study, the four windiest months were traced in
Beirut and Zahleh. An hourly variation study is necessary in order to determine exactly
at what time of the day the wind speed is reaching its peak and thus operating the
wind station for these most active months. This could forecast an approximate amount
of instantaneous power from the wind turbines during the day.
From Figure 8, it is noticed that in the month of January the wind speed is most
active at 1:00 Local Time (LT) and during 13:00–14:00 LT with wind speeds exceeding
5 m/s. The wind is most idle around 7:00 LT. In February, the most active hour is in
the 11:00–14:00 LT range with wind speeds exceeding 5 m/s. The wind becomes most
idle during 0:00–4:00 LT and 18:00–23:00 LT where wind speeds plummet to values less
than 3 m/s. In March, the wind speed seems to be idle during the early morning hours,
0:00–7:00 LT, with values less than 3 m/s. The wind becomes very active in the range
16:00–19:00 LT where wind speeds fluctuate between 5 and 7 m/s. Finally, in April,
the wind is active during most of the hours of the day mainly during 6:00–14:00 LT
where wind speeds are usually between 5 and 7 m/s. The wind is most idle at night from
18:00–24:00 LT.
Figure 8. Hourly variation of the most active months in Beirut for the recorded wind speed from
2005–2007.
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1244 M. Elkhoury et al.
Examining the behavior of the wind during the day for the four most active months,
it is noticed that the wind in Beirut is most active during the day, especially around
noon-time, except for the month of March.
From Figure 9, it is noticed that in the month of February the wind speed is most
active during 11:00–13:00 LT with wind speeds that exceed 5 m/s. The wind is most
idle around 0:00–6:00 LT and 19:00–23:00 LT where wind speeds are below 3 m/s. In
March, the most active hour is in the 12:00–13:00 LT range with wind speeds exceeding
5 m/s and approaching 6 m/s. The wind becomes most idle during 0:00–8:00 LT and
20:00–21:00 LT where wind speeds plummet to values less than 3 m/s. In June, the wind
speed seems to be active during most of the day, 7:00–17:00 LT, with wind speeds lying
in a range of 5 m/s to 9 m/s. The wind is idle during 0:00–5:00 LT and 22:00–23:00
LT with wind speeds below 3 m/s. Finally, in July the wind is also active during most
of the day. Specifically, in the period ranging from 8:00 to 18:00 LT where wind speeds
are between 5 m/s and 8 m/s. The wind is mostly idle at night from 18:00–24:00 LT.
Examining the behavior of the wind during the day for the four most active months,
we notice that the wind in Zahleh is most active during the day, especially around noon-
time.
After the appropriate data is collected, we move to estimate the expected power
density from a wind turbine installed in each of these two sites. Knowing that the
frequency distributions of the chosen locations have wind speeds that follow the Rayleigh
distribution, we can estimate the power density by using the average speed and the
appropriate cube factor (Gipe, 2004). Knowing that the energy pattern factor (EPF) is
1.91 (the results follow the Rayleigh distributions) (Kose et al., 2004) then the power
density follows:
Pw
A
D 0:5

3:485
P
T

V 3  EPF

W
m2

: (2)
Figure 9. Hourly variation of the most active months in Zahleh for the recorded wind speed from
2005–2007.
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Assessment of Wind Power for Electricity Generation in Lebanon 1245
In order to calculate the power density, three parameters are needed. The atmospheric
pressure, the average temperature, and the average wind speed at the specified location.
Since the altitude of each site is known, the atmospheric pressure could be estimated.
The atmospheric pressure changes with altitude according to the following equation:
P D P0e

 h
h0

; (3)
where the surface pressure at the sea level P0 is 101.325 kPa, and the scale height of the
atmosphere h0 is 7,000 m. Thus, the atmospheric pressures in Beirut and Zahleh could
be calculated as shown in Table 2.
The average temperatures in Beirut and Zahleh for the years 2005–2006 were found
from the Central Administration for Statistics in Lebanon (Central Administration for
Statistics, 2005). The yearly averages were 22.59ıC (295.59 K) for Beirut and 17.12ıC
(290.12 K) for Zahleh.
The actual amount of power the rotor can extract from the wind is modeled by
the theoretical limit derived by the German aerodynamicist Albert Betz (Gipe, 2004).
By applying the Betz coefficient (59.3%), the average atmospheric pressure and average
temperatures to Eq. (2), the maximum power and energy densities for the two sites follow:
Pw
A
D 0:674V 3

W
m2

.Beirut/; (4)
Pw
A
D 0:604V 3

W
m2

.Zahleh/: (5)
Since we are interested in the instantaneous power density, hourly average wind
speeds are required. Moreover, since we are focusing on the most active months in Beirut
and Zahleh, the average speed to be used is an hourly average for these specific four
months. The corresponding value of the average wind speed was then used to generate
the instantaneous power and energy density curves.
From Figure 10, it could be seen that power density has one global peak that occurs
at noon time for both Beirut and Zahleh. It should also be noted that the power density
expected at Zahleh is much higher than that in Beirut at noon during any given wind-
active day. The maximum extractable power in Beirut occurs at 13:00 LT, with a value of
94.265 W/m2. In Zahleh, however, the peak value occurs at the same time during the day
but with a value of 215.745 W/m2. The extractable power in Zahleh is much larger than
that in Beirut due to the exceptionally high wind speeds in Zahleh during the months of
June and July.
Table 2
Calculated atmospheric pressures
Location Altitude, m
Atmospheric
pressure, kPa
Beirut 27.5 100.93
Zahleh 920 88.846
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1246 M. Elkhoury et al.
Figure 10. Instantaneous power density curve for the recorded data for the four most active months
(2005–2007).
Table 3
Annual average wind speed, power and energy densities for the recorded data
(2005–2007)
2005 2006 2007 Average
Beirut Zahleh Beirut Zahleh Beirut Zahleh Beirut Zahleh
m/s 4.57 4.046 2.81 3.131 2.84 3.345 3.046 3.508
W/m2 64.33 40 14.954 18.539 15.439 22.606 19.05 26.07
kWh/m2 563.524 350.44 131 162.4 135.24 198.03 166.7 228.4
The annual energy density can be calculated (Gipe, 2004) as follows:
E
A
D

Pw
A



8,760
h
yr



1kW
1,000W

kWh
m2

: (6)
Estimating the amount of available energy per year would simply be the product of the
energy density with the turbine’s swept area in square meters.
Following Eq. (6), the energy density curve is an amplified power density curve
by a factor of 8.76. The peaks occur at 13:00 LT with values of 825.761 kWh/m2 and
1,889.923 kWh/m2 for Beirut and Zahleh, respectively.
In order to estimate the annual power and energy densities for Beirut and Zahleh,
the annual average wind speeds for the period 2005–2007 are used. The results are
summarized in Table 3 as follows:
5. Conclusion
Zahleh and Beirut are considered to be good candidates in terms of wind energy har-
vesting in Lebanon due to their relatively high wind speeds. However, the available wind
power is not sufficient enough to reach an economic status as a stand-alone system.
The average wind speed is below the threshold limit to be economically viable (v > 7
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Assessment of Wind Power for Electricity Generation in Lebanon 1247
m/s) (Hrayshat, 2005). On the other hand, supplementing the deficiency in electricity is
feasible during peak hours. A farm of small-sized wind turbines that are connected to
the main grid is a promising application of wind power utilization in these two sites. As
future work, an economic study should be carried out to evaluate the return on investment
for such a wind farm.
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